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In a homemade UV-Ozone generator, different ignition
tubes extracted from HID mercury vapor lamps were investi-
gated, namely: 80, 125, 250 and 400 watts. The performance
of the generator in function of the type of the ignition lamp
was monitored by the measurements of the ozone concentra-
tion and the temperature increment. The results have shown
that the 400 W set up presented the highest ozone production,
which was used in the treatment of indium tin oxide (ITO)
films. Polymer light emitting diodes were assembled using
ITO films, treated for 10, 20 and 30 min, as an anode. The
overall results indicate improvement of the threshold voltage
(reduction) and electroluminescence of these devices.
Keywords Ozone, Mercury Lamp, Indium Tin Oxide, Polymeric
Electroluminescent Device
INTRODUCTION
Ozone Production Method for the Treatment
of Transparent Conductive Oxide Films
Surface treatment techniques are a key process in the elec-
tronic industry, as the transparent conductive oxides (TCOs)
films deposited on glass or plastic substrates must be fast, eas-
ily and efficiently cleaned to guarantee the performance of a
sort of electronic displays. Contaminants are on the surface
and include carbon oxides and/or hydrocarbon (Kim et al.,
2004). The removal of these elements can be accomplished
by various techniques, including UV-Ozone treatment, an
alternative simple method for cleaning, which has been used
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in the microelectronic technology since 1970 (Santos et al.,
2010; Vig and LeBus, 1976). This technique requires only
UV irradiation to generate ozone, responsible for the contam-
inants removal from the surface of the inorganic thin films
(Santos et al., 2009a). Commercial UV-Ozone generators are
quite expensive and built with a mercury lamp having a cold
cathode germicidal tube, kept within the reactor for safety rea-
sons (PR-100 Operating Manual, Ultraviolet Products Corp,
Upland, CA, USA, Osram Brand, 2003), as the produced
UV radiation, which includes UV-C (100 to 280 nm), UV-B
(from 280 to 315 nm) and UV-A (from 315 to 400 nm), and
the subsequent ozone are harmful to human tissue leading to
blindness and burns and blistering of the skin (IESNA Prog.
Rep., 2003a).
Two main wavelengths have been reported in the literature
for the ozone production, λ < 243 nm dissociates the oxygen
molecules, while 240 < λ < 320 nm induces ozone molecules
decomposition to oxygen free radicals (O.), which is effec-
tively responsible for the oxidative treatment (Philips, 2004).
The chemical reactions involved when the atmospheric air is
used for ozone production are illustrated by the Chapman’s
cycle, as follows (Chapman, 1930):
O2 (atmospheric air) + (λ< 243 nm) → 2(O.) free radicals
O.+ O2 → O3 (Ozone)
O3 + (240 nm <λ< 320 nm) → O2 + O
O.+ O3 → 2O2
Additionally, after ozone treatment of the TCOs films, the
P/OLEDs devices therefore assembled presented improved
performance (Barai, 2005). Hence, the ability to build up
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low-cost UV-Ozone rector and understanding better the role of
the ozone treatment of TCOs may contribute to the P/OLED
development.
Characteristics of the High Intensity Discharge
Mercury Vapor Lamps
Commercial high intensity discharge (HID) mercury vapor
lamps are manufactured by Osram (Munich, Germany) with
different powers and were specially modified for the exper-
iments. This type of HID lamp is frequently used in the
Brazilian streets lampposts. It produces a white-blue-light
illumination with up to 24,000 hours of service time (Osram
Catalogue, 2007). Its outer bulb contains nitrogen atmosphere
and has a phosphor coating to convert the UV radiation into
visible light (IESNA Prog. Rep., 2003a). There is also an
internal bulb (called ignition tube) that produces UV radiation
in specific wavelengths. This internal bulb contains mercury
vapor in argon atmosphere that under electric arc excitation
emits UV radiation. The HID lamps are equipped with one or
two electrodes for fast start and restart.
To build an UV-Ozone reactor, the outer bulb was removed
and during the TCOs cleansing, the room humidity was con-
trolled to avoid nitric acid production (U.S. DOE, 2005;
Wilson, 2005).
One goal of this research was to investigate the influence of
the ignition tube type on the temperature increment and fur-
ther on the amount of ozone produced within the UV-Ozone
generator. During the experiments the atmospheric air was
used as the oxygen source. After analyses, the best qualified
ignition tube (output of the highest ozone concentration) was
used for the treatment of the ITO films.
EXPERIMENTAL DETAILS
Commercial HID mercury vapor lamps with different pow-
ers, namely: 80, 125, 250 and 400 watts were specially
modified. Using a diamond tip, the outer bulbs were cut near
the metallic base extracting the ignition tubes from the lamps.
Inside the reflector (with internal volume of 8.5 L) two fans
were adapted near the ignition tube (Figure 1). The ozone con-
centration and temperature measurements were collected at
the same time. For the analysis of the ozone concentration, a
PTFE (polytetrafluoroethylene) tubing (68.89” length x 0.11”
diameter) was connected close to the ignition tube and a nom-
inal flow rate of 1.8 L/min was set by an ozone monitor (In
DevR 2B Technologies, Model 205, Boulder, CO, USA) in
order to collect and detect the ozone concentration within the
reactor.
The temperature of the ignition tube was measured by a
thermocouple (Minipa, model ET 2882, Shanghai, China).
The PTFE tubing and the thermocouple tips were positioned
0.1” from the ignition tube.
The spectral energy distributions of the ignition tubes were
measured using a Luzchem spectroradiometer, model SPR-03,
FIGURE 1. Arrangement of UV-Ozone reactor used in the exper-
iments.
equipped with an integrating sphere. Figure 1 shows the
arrangement of the UV-Ozone reactor used in the experiments
(Santos, 2009a).
Commercial ITO films coated on glass substrates with
30–60 /sq. were cut into pieces of 1.0” x 1.0”. All samples
were cleaned by a pre-chemical process, explicitly: (1) neu-
tral detergent, 5% Merck Extran MAO2 in deionized water
(18 M) and heating at 323 K for 20 min, (2) rinsed in deion-
ized water for 5 min and, finally (3) dried by nitrogen flow.
All samples were UV-Ozone treated for 10, 20 and 30 min
and together with an untreated reference were used to assem-
ble PLEDs. At least, four samples were prepared under each
experimental condition in order to determine the sheet resis-
tance, thickness, Hall effect and absorbance spectrum, besides
the PLED’s assemblage.
The thicknesses of the ITO films were measured using
a profilometer, Tencor model Alpha Step 500 Surface
Profilometer (KLA-Tencor, Milpitas, CA, USA). The step
dimension was achieved by partially removing the ITO film
by rubbing the glass slide with HCl and zinc powder, followed
by deionized water rinsing.
The sheet resistances were measured with the aid of a
Veeco Instruments, model FPP-100 (Bruker Corp., Billerica,
MA, USA). The electrical resistivity, Hall mobility and
carrier concentration were simultaneously determined using
a Hall effect measurements set up consisted of a pro-
grammable power supply, model MPS-50 (Advanced Energy,
Fort Collins, CO, USA) and a Van der Pauw controller, model
H-50, Advanced Energy). The Hall effect measurements were
carried out at room temperature within a magnetic field of
3200 G, on samples with a square configuration, where zinc
wires were pasted with silver glue at each corner of the ITO
films for electrical contact, allowing the simultaneous appli-
cation of a constant current of 1 mA and the measurement of
the output voltage.
UV-Vis absorbance spectra were measured using a
Shimadzu spectrophotometer, model UV 1650 PC (Kyoto,
Japan). The I-V curves of the PLEDs were obtained using
a Keithley Instruments sourcemeter, model 2400 series
(Cleveland, OH, USA).
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Electroluminescence spectra of PLEDs were collected
by means of an optical fiber coupled to an Ocean Optics
spectrophotometer, model HR 2000 (Dunedin, FL, USA).
All measurements were accomplished at room temper-
ature. Polymeric layers in the PLEDs were deposited
by spin-coating following an identical architecture:
PEDOT:PSS (poly (3,4-ethylenedioxythiophene) doped
with poly(styrenesulfonate)) (≈ 60 nm) on ITO, as hole trans-
port layer - HTL, then OC1C10-PPV (poly(2-methoxy-5-(3-,
7-dimethyl-octyloxy)–1,4–phenylenevinylene)) (≈ 190 nm),
as the emissive layer and, finally, thermally evaporated
aluminum (≈ 50 nm) as cathode. In a glove box under argon
atmosphere, all devices were glass sealed using epoxy to fix a
glass lid.
RESULTS
Analyses of the Ignition Tubes
The ozone concentration and temperature were simultane-
ously evaluated throughout 60 min at 2-min interval for each
ignition tube, namely: 80, 125, 250 and 400 W (Figures 2
and 3). Each reported pair temperature-ozone concentration
corresponds to the mean values of four assessments.
The ignition tubes presented distinct behavior in ozone pro-
duction along the time; however, in the first 10 min’ increase
of the ozone concentration for all ignition tubes was observed,
with the 400 W ignition tube presenting the highest ozone
concentration, around 65 ppm. Due to its significant ozone
production, the 400 W ignition tube was used for the ITO
treatments. This ozone concentration was also higher com-
pared to the output of a commercial equipment (≈ 50 ppm)
used for ITO films treatment by UV-Ozone (Ultra-Violet
Products Incorporation).
After 10 min, only the 400 W ignition tube presented
decrease in the ozone production, while the other ignition
FIGURE 2. Ozone concentration obtained during the time for all
ignition tubes.
tubes presented stable ozone concentrations. The setup of
the UV-Ozone reactor used in this work led to good results
as it presented a significant confinement of the atmospheric
air inside the reflector, increasing the ozone production.
To improve the atmosphere confinement, a synthetic rubber
band was placed around the edge of the reflector, which filled
the very small gap between the reflector and the wooden base
covered by an aluminum foil.
The UV-Ozone reactor presented early temperature incre-
ment, which increased with the power of the lamp, thus
above all the 400 W lamp presented the highest temperatures
(Figure 3). However, the temperature within the reactor was
observed to reach equilibrium after 20 min, except with the
400 W lamp, when the temperature kept rising.
It is interesting to note that the ozone production and
the temperature for the different ignition tubes: 80, 125 and
250 W, presented the same behavior in function of time,
demonstrating a correlation between ozone formation and
consumption and heat evolved due directly to the discharge
power and power dissipation within the ozone generator, indi-
cating that the system has reached a steady-state. However,
for the 400 W lamp, the temperature and the ozone concen-
tration have shown a different behavior and no equilibrium
was visualized. Under the later condition, the heat excess
developed by the irradiation seemed to be deleterious and
the decline of the ozone concentration comes out due to its
thermal decomposition.
The ignition lamps used in this work present a multiline
spectrum, which spectral energy distributions are very similar
in the range 200–700 nm. Figure 4 shows the emission spec-
trum for the 400 W lamp. The wavelength range covered all
UV radiation types (UV-A, UV-B and UV-C).
According to the literature, the UV lines are responsible
for various effects: bactericidal at 220 to 300 nm; germicidal
at 264 nm; erythermal (skin reddening) at 280 to 320 nm; skin
tanning at 300 nm and a sort of phototherapy by exposure of
FIGURE 3. Temperature obtained during the time for all ignition
tubes.
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FIGURE 4. Emission spectrum due to a 400 W ignition tube.
the skin and the eye’s retina to specific wavelengths of the
visible spectrum. In the range 320–400 nm is the black light,
besides the visible spectrum; violet (404 and 435 nm); green
(490 nm); yellow-green (577 nm) and green (547 nm) (Philips
Catalogue, 2003, 2004; UV Disinfection, 2009; Germtech UV,
2009).
Characterization of the ITO Treatments
The sheet resistances were obtained before and after treat-
ments (on each sample) and each reported value corresponds
to the mean value of seventeen measurements. A slightly ele-
vation of the sheet resistance was verified for the samples after
UV-Ozone treatment (Low et al., 2002). ITO films have been
reported to be successfully treated by oxygen plasma, which is
regarded as an aggressive technique that involves direct oxy-
gen ions bombardment of the surface with significant thick-
ness reduction, while the chemical treatment by aquaregia
causes a substantial attack of ITO by the nitro-hydrochloric
acid with substantial thickness reduction and sheet resistance
increment (Santos, 2009; Santos et al., 2009a). In comparison
to these two techniques, UV-Ozone treatment occurs under
milder conditions and only a discrete increase of the sheet
resistance outcomes (Figure 5).
The thicknesses of the ITO films were measured by
profilometer and each reported value is the mean result of
six measurements at different sites along with its standard
deviation (SD), before and after treatment (Table 1).
The variation of the thickness is essentially attributed to
the dispersion of thickness verified in the original product as
supplied by the manufacturer. No evidence of the influence of
the UV-Ozone treatment on the ITO film thickness variation
has been found.
The Hall parameters, Hall mobility, carrier concentration
and electrical resistivity, were obtained simultaneously from
FIGURE 5. Sheet resistance vs. treatment time for the ITO films
before and after treatments.
TABLE 1. Thicknesses of the ITO Films Before and After
Treatment for Different Times
Thickness (± SD) (nm)
Treatment
time (min) Before treatment After treatment
10 28 (± 1) 33 (± 1)
20 37 (± 2) 34 (± 2)
30 37 (± 1) 32 (± 3)
each sample by measuring five times. In comparison with an
untreated sample, an increase of the electrical resistivity was
observed for all samples, resulted from the decrease of the
carrier concentration, which was somewhat compensated by
increase of the Hall mobility (Table 2).
In the ITO films, the carrier concentration originates from
the incorporation of the Sn+4 ion in the host In2O3, which
is fixed by the ITO fabrication condition; however, the pres-
ence of the oxygen vacancies can furthermore contribute to
change the carrier concentration. The oxygen vacancies are
also dependent on the ITO production conditions, but under
TABLE 2. Hall Effect Measurements (Electrical Resistivity, Hall
Mobility and Carrier Concentration) for the ITO Films
Hall mobility
Carrier
concentration
Electrical
resistivity
Samples (cm2 / V . s) (1021 . cm−3) (10−4  . cm)
(min) (± SD) (± SD) (± SD)
10 34.4 (± 0.3) 1.22 (± 0.01) 1.5 (± 0)
20 33.9 (± 0.1) 1.19 (± 0) 1.6 (± 0)
30 33.3 (± 0.2) 1.28 (± 0.01) 1.5 (± 0)
An untreated 32.6 (± 0.3) 1.50 (± 0.01) 1.3 (± 0)
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highly oxidant O3 atmosphere the concentration of oxygen
vacancies in ITO may possibly decrease, contributing to raise
the electrical resistivity (Alam et al., 1996). This behavior was
also reported by Song et al. (2001), whose experiments using
a commercial equipment of UV-Ozone have shown that longer
treatment times caused an elevation of the electrical resistivity
and a decrease of the carrier concentration.
The absorbance spectra of the samples were collected
before and after treatments and no significant alteration
was noted, indicating its suitability as substrate of PLED
(Figure 6).
Characterization of the PLEDs Devices
Treated ITO films along with an untreated sample were
used as substrates for the production of PLEDs. Each substrate
accommodates four electroluminescent devices, built accord-
ing to a fixed structure, ITO/PEDOT:PSS/OC1C10-PPV/Al.
The I-V curves (Figure 7) were obtained and the threshold
voltage was determined, which represents an initial variation
of the voltage and current and indicates the driving voltage of
the device. The current of 0.4 mA was chosen in every I-V
curve to check the correspondent applied voltage. Although
all devices presented the same structure, different threshold
voltages were observed, according to the substrate treatment
time, as follows: 5.5 V (30 min), >5.5 V (20 min), >6.5 V
(10 min) and ≈ 7 V (an untreated).
The lower threshold voltages are believed to result from
a possible reduction of the potential barrier between the
ITO/HTL and the emissive layer, as it has been shown by
the measurements of the Hall parameters that longer treat-
ment times caused reduction in the “p”- carriers concen-
tration and even if the Hall mobility is observed to rise,
the Hall resistivity also increased. Conversely, an efficient
injection of “p”-carriers is also believed to contribute to
FIGURE 6. Absorbance vs. wavelength for ITO films before and
after treatments.
higher electroluminescence (Figure 8), when a more balanced
charges recombination and/or higher charges mobility can be
achieved (Schuler et al., 2009).
The ITO treatment with UV-Ozone affects mainly the hole
injection into the emissive polymer, while the luminance of
the device is associated to the recombination (hole-electron
mutual suppression within the electroluminescent polymer),
as mentioned by Iwama et al. (2003) and Li et al. (2005).
They compared the performance of the PLEDs prepared from
ITO films with or without UV-Ozone treatment, disclosing
a significant improvement on the luminance of the devices
after treatment. Furthermore, the deposition of an additional
ETL (electron transport layer) between the emissive layer and
the cathode has shown to contribute to the balance of the
FIGURE 7. Current vs. voltage for all PLEDs devices with ITO
films.
FIGURE 8. Spectra electroluminescence vs. wavelength for all
PLEDs devices with ITO films.
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(a) (b) (c) (d)
FIGURE 9. Images of the active areas for the PLEDs devices with different ITO treatment times:
(a) an untreated, (b) 10 min, (c) 20 min and (d) 30 min.
charge carriers inside the emissive polymer incrementing the
electroluminescence (Li et al., 2005).
The electroluminescence spectra were collected from the
devices polarized at 15 V (Figure 8) and all spectra presented
a maximum at 590 nm. In similar experiments carried out by
So et al., 1999, the same behavior was also observed.
Digital images of the active areas (0.12 x 0.12 inches) of
the polarized PLEDs devices (at 15 V) (Figure 9) revealed
significant differences in their morphology, indicating higher
uniformity after longer treatment time of the ITO films, in
which dark spots and roughness were diminished.
CONCLUSION
A homemade UV-Ozone generator was built by using
different ignition tubes extracted from HID mercury vapor
lamps, namely: 80, 125, 250 and 400 watts. Only the 400 W
lamp did not present steady-state ozone concentration, while
the temperature increased all the time of observation (60 min).
Moreover, a quite high ozone concentration took place after
few min (5–10 min), indicating suitable condition for ITO
films treatment by UV-Ozone. ITO films were submitted to 10,
20 and 30 min of UV-Ozone treatment and their performance
in PLEDs were compared to those built from an untreated
ITO. After treatment, no evidence on thickness variation was
detected in ITO films, but a discrete increase in their sheet
resistance, resistivity and Hall mobility. After longer treat-
ment time, ITO films generated more uniform PLEDs that
presented higher electroluminescence and lower threshold
voltage.
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